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Despite the growing understanding of the importance of fine roots and their associated 63 mycorrhiza and bacterial communities in the rhizosphere for carbon (C) and nutrient cycling in 64 forests (Kuzyakov & Xu, 2013) , studies of the functioning and adaptability of "the root-65 mycorrhiza-bacteria continuum" to a range of environmental conditions are still in their infancy. 66
Fine roots are not homogenous; significant anatomical, morphological and physiological 67 differentiation is present within this root category (Saljajev, 1959; Eshel & Waisel, 1996; 68 Ostonen et al., 1999; Hishi, 2007; Zadworny et al., 2016) . Following McCormack et al., (2015) , 69 we consider fine roots as (i) absorptive roots of first and second order or mostly mycorrhizal 70 short roots with an intact cortex and (ii) transport roots commonly defined as thin woody roots. 71
Fine root biomass (FRB) of both absorptive and transport roots has been found to be very similar 72 in boreal and temperate forest ecosystems (Finér et al., 2007 (Finér et al., , 2011a . However, the amount of 73 absorptive root tips per stand basal area can vary more than tenfold between these two forest 74 biomes (Ostonen et al., 2011) . There are known differences between the absorptive and transport 75 fine roots in lifespan (Guo et al., 2008) , nutrient uptake and ability to establish fungal symbiosis 76 capacity by extending fresh carbohydrate supply to ectomycorrhizal fungi (Read, 1992) and to 85 the rich communities of bacteria in the rhizosphere (Kuzyakov & Blagodatskaya, 2015) . 86
Extraradical mycelia of EcM fungi increase nutrient supply by exploring root-free soil 87 pores/compartments and by translocating organic C to stimulate bacterial activity (Marupakula et 88 al., 2016) . 89
Functioning of the root-mycorrhiza-bacteria continuum is critical to optimal performance of the strategy with a predominance of absorptive fine root biomass, surface area and length, requiring 94 greater C allocation to root formation, and (ii) an intensive fine root foraging strategy with a 95 smaller investment to absorptive fine root biomass, but a greater reliance on the root-mycorrhiza-96 bacteria continuum. The latter strategy, recently termed as acquisitive resource economics 97 strategy (Weemstra et al., 2016), implies greater dependence on interactions between roots, 98 mycorrhizas and soil bacteria, possibly resulting in higher efficiency of the root system in terms 99 of resource capture per unit C invested. However, experimental verification of this concept at the 100 field scale is still lacking and little is known about the functional role of bi-and trilateral shifts in 101 the root-mycorrhiza-bacteria continuum along climatic and environmental gradients. 102
103
In this study, we explore the potential of extending the concept of adaptive fine root foraging 104 described in a Norway spruce (Picea abies (L.) Karst.) forest gradient (Ostonen et al., 2011) to 105 other tree species: Scots pine (Pinus sylvestris L.) and silver birch (Betula pendula Roth.). Our 106 main objective is to construct a conceptual, multidimensional framework applicable to the 107 description and analysis of resource capture strategies employed by the root-mycorrhiza-bacteria 108 communities in forest soils. We consider the adaptation potential of fine root foraging against the 109 backdrop of a range of environmental conditions along a boreal to temperate forest gradient. We 110 F o r P e e r R e v i e w 5 hypothesize that: (i) the pattern of absorptive fine root biomass allocation is not tree species-111 specific, but rather driven by environmental factors and (ii) there is a causal trilateral relationship 112 between absorptive fine roots and the associated communities of ectomycorrhizal fungi and soil 113 bacteria. We aim to link the biomass and the number of absorptive fine root tips and the changes 114 in the community structure of colonizing ectomycorrhizal fungi, and soil and rhizosphere bacteria 115 to earlier fine root longevity estimates in our study sites to advance the concept of adaptive fine 116 root foraging strategies. forests was used in this study; comprising 13 Scots pine, 10 silver birch and 15 Norway spruce 124 forests covering a latitudinal range from 69° to 48° N ( Fig. 1 , Table S1 ). The IUSS Working 125
Group WRB (2014) soil classification criteria were used to describe soils at each site (Table S2) . 126
Topsoil C:N ratio (organic layer + mineral soil up to 20 cm of soil depth) was used to describe 127 site quality with respect to nutrient availability (Callesen et al., 2007; Lehtonen et al., 2015) . We 128 classified boreal sites as N-limited forests when N in throughfall was < 10 kg N ha -1 yr -1 and 129 hemi-boreal and temperate sites as N-enriched when N in throughfall exceeded 10 N kg ha -1 yr -1 , 130
following Gundersen et al. (2006 Absorptive root morphology, EcM fungal colonisers and (birch) rhizosphere microbiology were 147 assessed by analysing 8-10 samples taken randomly from the topsoil (cutting area 225 cm 2 , depth 148 of 20 cm) of all stands at the end of the growing season (September-October) once during the 149 period from 2008 to 2012 (Table S4 ). Root tips were cleaned and counted under a microscope. 150
Two or three first and second order root segments with about 20-30 tips were collected from each 151 soil sample. The total number of root tips sampled and analysed per stand ranged from 234 to 949 152 in spruce, from 185 to 1330 in pine and from 239 to 1306 in birch. 153
Root tips were scanned at 400 dpi and analysed with WinRHIZO TM Pro 2003b image analysis 154 system (Regent Instruments Inc. 2003) to establish diameter, length and projected area. Air-dried 155 roots were further desiccated at 70 ºC for 2-3 h to constant weight and weighed. Root tissue 156 density (RTD, kg m −3 ), specific root area (SRA, m 2 kg −1 ) and specific root length (SRL, m g −1 ) 157 were calculated as described in Ostonen et al. (1999) . Root branching intensity was expressed as 158 the number of root tips per 1 mg of dry mass. 159
Absorptive fine root biomass (aFRB, g m -2 ) was calculated by multiplying mean root tip weight 160 by root tip number per m 2 . Carbohydrate allocation to absorptive roots was established as the 161 ratio of aFRB to total fine root biomass (FRB, g m -2 ). Absorptive fine root biomass per stand BA 162 (aFRB/BA, kg m -2 ) was used as a proxy describing the functional relationship between the 163 above-and belowground parts of a forest stand. Root area index (m 2 m -2 ) of absorptive roots was 164 calculated as specific root area of absorptive roots multiplied by their biomass. 165
166

EcM fungal community analysis 167 168
Root tips from three additional fine root fragments (5-7 cm in length) from each root sample 169 were sorted into morphotypes on the basis of colour and fungal mantle, hyphae and rhizomorph 170 texture. Non-mycorrhizal root tips were found in 7 of 10 birch stands and in 2 conifer stands 171 only, however, their proportion of the total was very low (Table S5 ). Dominating morphotypes, 172 Table S2 ) were taken from the same 205 soil core as the root samples. Root fragments were gently shaken to separate the rhizosphere 206 fraction from the soil particles adhering to roots. Total C and N content in the absorptive roots 207 were determined using a CHN analyzer (Perkin Elmer 2400/SII). (Table S6 ). Relationships of environmental factors (soil variables, root 278 morphological parameters) with obtained networks modules were analysed using modules HTM 279 and applying RDA. In case of network modules that were related to the stand distance from the 280 equator according to Mantel test the correlation of module OTU relative abundances to the stand 281 distance from the equator was tested using linear regression analysis. Procrustes analyses using 282 ordinations of the bacterial (whole community and pMEN modules of the rhizosphere and bulk 283 soil) and EcM fungal community (at functional group level) were applied to explore the 284 relationships between bacterial and EcM fungal community structure in birch stand soils. 285
286
Results 287 288
Biomass allocation into absorptive roots 289 290
The proportion of absorptive fine root biomass (aFRB) out of the total FRB along the latitudinal 291 gradient increased towards the northern boreal forests in all tree species (Table 1) , the rate of 292 increase did not differ between species (difference test, p<0.05; Fig. S1 ). The absorptive fine root 293 biomass per stand BA increased exponentially from the temperate to the boreal zone ( Fig. 2) , 294 with a significant forest zone effect on aFRB/BA (GLM, F=74.8, p<0.0001, n=31, Fig. 2 ). An 295 F o r P e e r R e v i e w 11 increase of 10° latitude from temperate to hemi-boreal forests means an increase of aFRB/BA by 296 9.0, 12.7 and 16.1 kg m -2 in pine, spruce and birch stands, respectively. A further increase of 10° 297 latitude from hemi-boreal to northern boreal forests adds an additional 40.5, 44.7 and 27.9 kg m -2 298 of absorptive FRB per stand BA in pine, spruce and birch stands, respectively (Table 2; Fig. 2 ). 299
Stepwise regression analyses comparing climatic, soil and stand factors indicate that aFRB/BA 300 was related to soil C:N ratio and to mean tree heights (y=0.753(C:N)-0.686 (height), R 2 =0.81, 301 p<0.0001). Root area index was up to 5-fold higher in the northern forests, mainly due to higher 302 biomass of absorptive roots (Table 2) and was related to soil C:N ratio (stepwise regression 303 analysis R 2 =0.69, p<0.01, n=30). 304 305
Absorptive FRB per stand BA in relation to soil C:N ratio and N concentration of root tips 306 307
Soil C:N ratio was the main factor describing the variability of absorptive FRB per stand BA 308 along the climatic gradient (GLM, Type III SS, whole model R 2 =0.90, p<0.001), with a 309 significant difference between birch and conifers ( Fig. 3a ). Soil C:N ratio varied from 12 to 23 in 310 birch stands compared to a range of 18 to 49 in coniferous stands (Table S2 ). In birch, aFRB/BA 311 was five times higher at the northern sites, with soil C:N ratio from 19 to 23, than at the southern 312 stands where C:N declined below 17. 313
Absorptive FRB per stand BA was negatively correlated with nitrogen concentration (%N) of 314 absorptive roots both in pine (r=-0.66, p=0.018, n=12) and in spruce (r=-0.71, p=0.015, n=11). 315
Soil C:N ratio was the main environmental parameter driving absorptive root N concentration 316 (R 2 =0.57, p<0.0001, n=34; Fig 3b) . The threshold of root N concentration at which the drastic 317 change in the absorptive FRB per stand BA occurs was <2.5% for birch and <1.5 % for conifers 318 (Table 2) Table S7 ). On the basis of the length of correlation 327 vectors, the highest proportion of variation in root traits was explained by latitude (correlation 328 matrix is not shown). Tree species and geographical location of the stands explained 41% of the 329 variation in absorptive root morphology (p<0.001, RDA; Fig. S2 ). Root morphology of birch and 330 pine exhibited similar pattern of increasing SRL towards the north (Fig. 4) . The increase in SRL 331 was mainly determined by the variation of diameter (by 61% in birch and by 52 % in pine, 332 p<0.01). Absorptive roots in spruce adjusted to the environmental gradient by modifying the root 333 branching intensity, which was higher in temperate stands and was determined by a variation of 334 root tip length (41%; Ostonen et al., 2013). The length of an absorptive root tip in conifers was 335 positively correlated with latitude (r=0.75, p<0.000); the average absorptive root tip was 2.1 336 times longer in spruce and 1.7 times longer in pine in the northern sites compared to the southern 337 forests ( Fig. 4 ; Table S7 ). 338
Branching intensity and root tip length of birch and pine were not affected by soil chemistry, 339 while root tissue density, diameter and SRL related significantly to N concentration (R 2 varied 340 from 0.55 to 0.59, p<0.05) and Mg content (R 2 varied from 0.28 to 0.51, p<0.05) in the soil. RTD 341 was species-specific (tree sp as random factor) and determined by soil C:N ratio (F=8.29, 342 p<0.01). RTD of absorptive roots (Fig. 4) assigned to contact and short-distance exploration types, while the medium-fringe exploration 355 type was prevalent in pine forests (Table S5 ). An increasing presence of long-distance 356 The bacterial 16S rRNA gene abundance varied between 8.26×10 9 and 8.64×10 10 copies g -1 DW 376 in the bulk soils of the studied birch stands (Table S8 ) and this variation was not related to the 377 distance between the stands or to distance from the equator. The bacterial community diversity 378 index (ISI) was the lowest in both bulk soil and rhizosphere in the northernmost (Kivalo, 379 Syktyvkar) and southernmost (Risley Moss) stands (Table S8) , with no relationship between 380 diversity indicators (OTUs numbers, ISI) and stand distance from the equator. The bulk soil 381 bacterial communities were dissimilar in geographically more distant stands than in closer stands 382 (Mantle test, r=0.51, p<0.01). Rhizosphere bacterial communities were grouping similarly to the 383 bulk soil communities (Procrustes analyses, r=0.83, p<0.001), based on differences in relative 384 abundances of bacterial groups at different taxonomic level, i.e. phyla Acidobacteria and 385
Bacteroidetes, classes Acidobacteria and Spartobacteria, order Acidobacterials (Table S9) . 386 F o r P e e r R e v i e w (Kivalo) were distinctive from other sites on the NMDS ordination plots (Fig. S3a,b ; Table S9 ). 388
The application of Molecular Ecological Network Analyses Pipeline on the OTU data resulted in 389 two distinct phylogenetic molecular ecological networks (pMEN) for bulk soil and rhizosphere 390 bacterial communities, consisting of eight and nine related modules, respectively (Fig. S4) . All 391 the modules had a unique phylotypic composition (Table S10) . A substantial part of phylotypes 392 from both soil fractions (about 56% in bulk soil and 74% in rhizosphere) were not involved in 393 these networks. The stand distance from the equator was a significant predictor only in the case 394 of one bulk soil module (H: r=0.58, p<0.05). The species from phyla Actinobacteria and 395
Proteobactera dominated (16 and 10 OTUs from 36, respectively), but there were also 396 representatives from phyla Acidobacteria, Bacterioidetes, Firmicutes, Clamydiae, Spirochaetes 397 and Verrucomicrobi. Relative abundances of four bacterial phylotypes from this module were 398 negatively related to the distance from the equator; however, two phylotypes in Risley Moss 399 appeared to be deviant from the general pattern (Table S10 ; Fig. S5 ). 400
Soil characteristics had a strong effect on bacterial community structure in birch forest soils 401 (Table 3) Strong relationships between absorptive root morphology, EcM fungal community structure and 411 bacterial community structure were found in bulk soil and rhizosphere in birch stands (Fig. 6) . 412
There was a significant correlation between dominant fungal lineages, and the whole rhizosphere (Fig. S4; Fig. 6 ). 418
The relationship between birch absorptive root morphology and soil bacterial community 419 structure was stronger in the rhizosphere than in bulk soil. Significant correlations between root 420 tip weight and bacterial diversity index (τ=-0.51, p<0.05), and between root branching intensity 421 and phylotype numbers (τ=0.54, p<0.05) in rhizosphere were revealed from the analyses. The 422 structure of rhizosphere pMEN module N was also affected by root tip weight. In bulk soils the 423 proportions of bacterial phylotypes in module E were related to root tissue density and tip weight 424 of absorptive roots (Fig. 6) . structure. We found significant complementarity in adaptive changes within the continuum of 442 root-mycorrhiza-bacteria of birch and within the root-mycorrhiza continuum of pine and spruce 443 driven by similar biomass allocation pattern in all studied tree species (Fig. 7) . Our study provides evidence that the morphology of absorptive roots is closely related to biomass 468 allocation to root tips. Irrespective of tree species, an increase in absorptive root biomass at stand 469 level coincides with (i) longer and thinner roots with higher root tissue density and (ii) higher 470 degree of colonisation by short-distance EcM types. Morphological adaptation was shown to be 471 critical in stressful environments such as the northern boreal forests (Ostonen et al., 2013), tree 472 species-specific differences in absorptive root morphology were smaller in temperate forests (Fig.  473   4) . 474 475 The observed increase in absorptive root biomass per stand BA towards the north is 538 complementary with a decrease in N concentration of absorptive roots (Fig. 7) , both related to an 539 extension of studied tree species. Root tip N concentration might be a good predictor for the 542 absorptive fine root biomass. A switch to a larger absorptive root biomass occurs when the 543 average N concentration reaches <1.5% in conifers and <2.5% in birch (Fig. 3b ). Trees increase 544 absorptive root biomass to ensure sufficient nutrient uptake, this often coincides with two-to 545 fourfold increase in the amount of connected mycelia (irrespective of fungal community 546 structure). Although ectomycorrhizal N uptake is more cost-efficient for the individual trees at 547 low soil N availability, purely mycorrhizal strategy may cause immobilisation and decline of N in 548 the soil at the stand level (Näsholm et al., 2013; Franklin et al., 2014) . This theory is supported 549 by our results of a low N level of root tips and high C investment to root and mycelial biomass in 550 boreal forests. The critical mass of absorptive roots per stand BA for transition of the foraging 551 strategy in all three studied tree species seems to be close to 20 kg absorptive roots per m 2 (Fig.  552 2), despite the difference in absolute root N values between conifers and birch. 553
Root morphology and structural shifts of root associated microbial communities 476
Our concept of fine root foraging strategies puts forward the notion that quantitative differences 554 in absorptive fine root biomass per stand BA are concurrent with changes in root morphology. At 555 the same time, a foraging strategy involves qualitative shifts in multitrophic interactions in the 556 rhizosphere involving host trees, EcM fungi and associated bacteria. The variety of alternatives 557 within the root-mycorrhiza-bacteria continuum enables adaptive root foraging in both northern 558 subarctic boreal and southern temperate forests. We envisage a trilateral relation between the 559 morphological traits of absorptive fine roots, exploration types of colonising EcM fungi and 560 rhizosphere and bulk soil bacterial community structure. Thus, qualitative shifts in root 561 associated microbial communities affect biomass partitioning of trees, which in turn can lead to a 562 switch in the fine root foraging strategy and to a change in belowground C pathways. Fig. 7 A conceptual scheme of fine root foraging strategy related to latitudinal climate and soil C:N gradient from boreal to temperate forests. Soil C:N ratio increases from left to right, from N-rich temperate forests to N-poor northern boreal forests. Foraging strategies are based on adaptation of biomass allocation to absorptive fine roots associated with fine root turnover rate, fine root morphology and changes of root associated EcM fungi and rhizosphere bacterial communities. EXTENSIVE strategy refers to investment in larger absorptive fine roots biomass per forest stand basal area (kg m-2), while INTENSIVE strategy denotes the tendency to establish smaller absorptive root biomass, associated with functional changes in root morphology and a larger reliance on EcM and bacterial communities in the rhizosphere. Note that the presented trends for root tip number, absorptive fine root biomass and morphology, %N and EcM mycelium are based on data of all three studied tree species, while trend in fine root turnover is based on spruce stands data and supported by literature data for birch stands ( 
